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Dam,  Schoenheyder, Glavind,  and  others  (1)  observed that  green plants, 
more specifically the chloroplasts, contain a substance which, if given to animals 
and men in minute quantities,  showed antihemorrhagic properties.  Vitamin 
Ki, as the substance was called, has been identified as 2-methyl-3-phytyl-1,4- 
naphthoquinone.  The number of publications reporting the effects of vitamin 
K  and  its  derivatives upon  the  animal  body is  rapidly increasing  (1).  By 
contrast, the question of the effect of vitamin K1 on its place of origin (or in 
bacteria which produce vitamin Ks) has been neglected. 
The present study was undertaken because it lies, obviously enough, in the 
path of investigations concerning the problem of photosynthesis.  It fielded 
results that  can  be  summarized  by saying  that  there is  hardly a  metabolic 
process in algae which cannot be influenced by small amounts of vitamin K.  1 
The substances used in  the experiments described below were not genuine 
vitamin KI but derivatives without the phytol side chain, such as (a) 2-methyl- 
1,4-naphthoquinone,  known  as  synthetic  vitamin  K  or  "menadione,"  (b) 
2-hydroxy-3-methyl-l,4-naphthoquinone, known  as  "phthiocol,"  (c)  several 
water-soluble naphthoquinone derivatives and  compounds in  use for clinical 
purposes.  2-methyl-l,4-naphthoquinone  has  exactly  the  same  antihemor- 
rhagic potency per mole as the natural vitamin K, the phytol group being of 
no detectable physiological importance.  In  the  following we  shall  refer to 
the  2-methyl-l,4-naphthoquinone as vitamin K, to the substance containing 
an additional hydroxyl group as phthiocol. 
The methods employed to measure the gas exchange--being manometric according 
to Warburg--need no comment.  The cultivation of the species of algae investigated 
~namely Chlorella pyrenoidosa, Scenedesmus obli,  quus. Sc,  enedesmus sp. D3--have been 
described  often before. 
The naphthoquinones were added as buffered aqueous  solution of known concen- 
tration, whenever the solubilities of the substances  in question permitted.  Phthiocol 
forms a Bordeaux red colored solution in alkaline  phosphate.  The color disappears 
upon acidification  or reversible  reduction of the  quinone  with hydrosulfite.  The 
x Independently Dam has found that crystals of 2-methyl-1,4-naphthoquinone, if 
left in contact with asuspension of algae, cause an inhibition of photosynthesis (Am. 
Y. Bot.  1944, 3X, 492). 
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commercial  water-soluble antihemorrhagic drugs were dissolved  and filtered shortly 
before use, because the solutions had a tendency to become turbid on standing.  On 
account of its poor solubility  vitamin K was used in reproducible  but undetermined 
concentrations.  Either the dry crystals were added in excess to the medium con- 
taining the plants or a  saturated clear solution  from freshly precipitated material 
was prepared which could be diluted in desired proportions. 
The tables present rates of gas exchange measured  in vessels of identical volume 
giving directly comparable readings.  In cases where the type of gas exchange could 
be determined the metabolic quotients were calculated  from the cubic millimeters 
of gas exchanged per milligram of dry weight of cells. 
Respiration 
Small concentrations of the naphthoquinones stimulated the respiration in 
all algae.  The extent of the stimulation varied with the drug and with the 
species.  The strongest stimulating  effects were those of phthiocol upon the 
respiration in Chlorella pyrenoidosa. 
The degree of stimulation depends on the respiratory rate of the untreated 
control.  In starved Chlorella  this rate can be rather small  (e.g. Qo2  =  0.3). 
By adding 10  -4 ~  phthiocol to such low respiring cells the rate of respiration 
may be raised fifteen times.  The absolutely highest rates were found, how- 
ever, with cells having a  normal Qo,  (=  rate: c.mm./mg,  dry weight/hour) 
between two and five.  The maximum stimulation remains below that obtain- 
able by adding glucose to a suspension of normal Chlorella cells (cf. 2).  If the 
respiration of such cells has been stimulated before with phthiocol addition of 
glucose does not bring the rate of respiration to the level of the normal cells fed 
with  glucose.  By  comparison,  the  effect of  phthiocol  appears  now  as  an 
inhibition (Tables I  and II).  This behavior reminds one of the observations 
made by Emerson (2) and Genevois (3) that in Chlorella cyanide stimulates the 
oxidation of internal material but inhibits that of substances entering the cell 
from outside.  The effect of the methyl-naphthoquinones is clearly catalytic. 
Much more oxygen is taken up under the influence of phthiocol or vitamin K 
than can be accounted for by their oxidation. 
Since larger concentrations of the naphthoquinones inhibit respiration there 
exists an optimum of the stimulated rate.  The effect, therefore, resembles the 
action of dinitrophenols upon respiring cells in general (4, 5), including algae 
(6, 7).  If crystals of vitamin K  are added to the algal suspension to demon- 
strate the stimulating effect, the stimulation changes slowly into an inhibition 
which eventually becomes complete  (Table III).  Using  a  1/40th  saturated 
solution of vitamin K  the stimulation can be shown to persist for a long time. 
The absolute rate of the stimulated respiration depends, on the other hand, on 
the combustible material available.  Table IV shows that both the normal and 
the stimulated respiration in Chlorella become smaller with time but regain their 
original  value  after  a  period  of  illumination  (that  is,  of  photosynthesis). TABLE I 
Stimulation of Respiration in Chlorella pyrenoidosa by Phthiocol 
Summary of several experiments.  Cells suspended in phosphate solutions varying in pH 
from 4.9 to 6.2.  Temperature  25  °.  Gas phase: air, in absence or presence of 6 per cent 
KOH.  Rates of oxygen consumption given as Qo~: -- c.mm./mg, dry weight/hour.  Respira- 
tory quotients (R./Q.)  refer to periods averaging 1 hour.  (a)  and  (b) fresh cultures, (¢) old 
and starved culture. 
Control  With 1 X lO-a~  phthiocol  Time elapsed after 
start of experiment 
OO~  n.Q. 
hrs. 
(a)  1 
2 
6 
(b) 
(c)  2 
9 
20 
23 
25 
4.2 
2.4 
2.0 
20.0 
5.5 
~.Q.  002 
0.93  8.2 
1.10  7.0 
1.10  4.0 
Now with 0.5 per cent glucose 
1.00  5.0 
1.1 
0.95 
0.95 
12.0 
0.5 
0.3 
0.2 
7.5 
7.5 
0.93 
With 2 X IO-4,~  phthiocol 
0.98  12.5  ]  1.10 
Now with 0.5 per cent glucose 
0.98  10.0  [  1.01 
] 
With 4 X 10  -4~[ phthiocol 
0 .'95 
0.82 
2.00  6.8 
1.55  3.8 
--  1.7 
Now with 0.5 per cent glucose 
--  2.1 
1.25  5.1  0.85 
TABLE II 
Influence of P~hiocol (2-Methyl-3-Hydroxy-l,4-Naph~hoquinone) upon Respiration and 
Compensation in Chlordla pyrenoidosa 
0.067 cc. of cells in 4 cc. of u/30 phosphate buffer pH 6.2.  Temperature 25  °.  Gas phase: 
air in presence of 6 per cent KOH on filter paper. 
Concentration of phthiocol  ............... 
(a)  Dark.  Respiration ....................... 
(b)  Light.  4,000 lux.  Compensation corrected 
for respiration ........................ 
(c)  Dark.  Respiration with  glucose  .......... 
(d)  Light.  Compensation with glucose corrected 
for respiration ......................... 
0.0  IO-6M  ]  IO-4M  I  S  X I0-4,~ 
Rates of oxygen  exchange, c.mm./lO mln. 
-2.5  --5.0  --12  I  --17 
+4.1  +7.7  +12.7  [ +I0.5 
Glucose added to all samples; 
concentration 0.5 per cent 
--31  I  --27  [  --21  --10 
-{-43  -}-39  -5  -4-0* 
* A compensation rate of zero means that the absorption of oxygen continues in the light 
at the same rate as before or afterwards in the dark.  A compensation rate equal to that of 
respiration means that in the light no measurable exchange of oxygen can be observed. 
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TABLE III 
Respiration of Chlorella pyrenoidosa in Presence of Crystals of Metkylol,4-Napkthoquinone 
(Vitamin I£) 
Conditions like those given in Table I.  R.Q. rose from 0.76 to 0.90 in the poisoned algae 
during the experiment as compared with 0.93 to 1.10 in the normal ceils. 
Time .......  elapsed,  hrs .........................................  1 
Qo2: normal .................................  I  4.2 
Qo2: in presence of floating crystals  of vitamin K.. ]  9.7 
2.4 
2.3 
2.0 
0.5 
TABLE IV 
Acceleration of Respiration and Inhibition  of Photosynthesis in Chlorella pyreno~osa by 
2-Methyl-l , 4-Naphtkoquinane (Vitamin  K)  and  2-Methyl-3-Oxy-l , 4-Napkthoquinone 
(Phttdocol) 
0.05 co. of cells in xr/20 phosphate buffer  at pH  5.9.  Temperature 25  °.  Gas phase: 
air, later air with 4 per cent COs.  Vessels used in sets of two, with and without 6  per cent 
KOH on filter paper.  During this experiment the respiratory quotients were  found to range 
from 0.80 to 0.95 without much difference between normal and poisoned algae.  A solution 
of vitamin K  was prepared by saturating some phosphate buffer with freshly precipitated 
methyl-naphthoquinone.  For the experiment the saturated solution was diluted forty times. 
Vitamin K  Phthioco| 
Concentration of  I  1/40 saturated  1 X  10-~  M 
poisons ............  --  solution  -- 
Time elapsed  after  Rates of absorption of oxygen in OO2:, (c.mm./mg. dry weight~hr.) 
adding the poisons 
mln. 
2O 
180 
800 
900 
960 
--2.4  --7.2 
--2.4  --3.6 
--1.2  --2.0 
]linminated with  10  s  lux  during 
50  rain.  in  presence  of  COs. 
COs removed again. 
--2.7  t  --6.6 
--2.7  --3.0 
--1.3  --5.0 
--1.2  --3.9 
Washed twice on the centrifuge 
--1.0  --1.1 
Rates of pressure changes due to photosynthesis at 1,000 lux, mm./lO rain. 
800  +24  +25  +18  1  +3.7 
Cells washed 
9OO  +17  l  +12.5 
Though the antihemorthagic potency of phthiocol is only about one-hundredth 
of that of vitamin K, both substances have the same effect on the metabolism 
of  algae.  Three  other  substances,  "menadione  bisulfite,'  2-methyl-l,4- 
naphthoquinone-diphosphoric  acid  tetra  sodium  salt,  acetoxy-2-methyl-4- ~.  GAr~RON  263 
naphthyl  sodium  phosphate,  appear  to  have  an  accelerating  effect  only 
upon respiration.  The data of Table V show that the concentrations of these 
easily water-soluble substances have to be higher than those of phthiocol for a 
measurable similar stimulation.  A concentration of 5/2000 phthiocol already 
TABLE V 
Comt~arlson of the Effects of Water-Soluble Derivatives of Vitamin K on Photosynthesis and 
Respiration in Sconedesmus obliquus 
Concentrations of added substances ~/2000.  Numbers  represent relative rates of gas 
exchange, the rates in the normal cells being put at 100. 
Menadione 
2-Methyl-l,4-  l-Acetoxy-2-methyl 
naphth°hydr°qui"  I  4-naphthyl  Time after adding  Phthiocol  bisulfite*  none--diphosphoric 
the substances  acid (Na salt)~  : sodium phosphate 
hrs. 
3 
14 
8 
14 
(a) Photosynthesis at approximately 3,000 lux 
8  106  100 
0  100  100 
(b)  Respiration 
42  120  150 
60  90  100 
115 
2OO 
* Bisulfite compound of 2-methyl-l,4-naphthoquinone, courtesy of Dr. R. Menotti. 
2~ Courtesy of Dr. H. Dam. 
TABLE VI 
Effect of Pklhlocol on Respiration in Sconedesmus obUquus and Sconedesmus sp. Ds 
0.035 cc. of cells in u/20 phosphate buffer at pH 5.0, 6.5, and 7.5.  Gas phase: air in pres- 
ence of 6 per cent KOH on filter paper.  To efiminate internal carbon dioxide suspension 
illuminated during 15 minutes before the measurements. 
Scenedesraus obliquus  Scenede~mus sp. D, 
..  ......................................  5.0  f  6.5  i  ,s  I  0.5  I  ,.s 
Q02: =  rate of respiration, c.~.  02/rag. dry wcigl~/kr. 
Normal  .......................  --0.5  --0.5  --0.5  --1.7  --1.8  --1.3 
1  hr.  after  adding phthiocol 
4  X  10-8M ..................  --2.2  -2.0  --0.7  -2.2  --4.1  --1.3 
inhibits the respiration of Scenedesmus obliquus, an alga with a type of respira- 
tion intermediate  between that of ChloreUa and  that of Scenedesmus Ds.  It 
may be that the dissociated sodium salts do not penetrate  deeper into the cell 
and affect only the respiration located in the outer layer.  Phthiocol becomes 
the less  effective the lower the concentration of hydrogen ions--the more it 
exists  in the form of the dissociated salt  (Tables VI and VIH).  Again this 
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Photosynthesis 
Vitamin K  and phthiocol (but not the other water-soluble derivatives) act 
as very powerful inhibitors of photosynthesis (Table IV, V, VII, VIII).  With 
very small doses it is possible to stimulate respiration without yet appreciably 
inhibiting the course of photosynthesis.  With increasingly larger concentra- 
tions photosynthesis reveals itself as by far the more sensitive process of the 
two.  It stops completely long before the stimulated respiration, after passing 
the optimum, fails below the original rate in the unpoisoned algae.  This and 
the fact that the inhibition of photosynthesis persists even at very low light 
intensities classifies  the methyl-naphthoquinones as poisons in  line with hy- 
droxylamine and o-phenanthroline  (7).  In principle the inhibition is reversi- 
ble but the lipoid-soluble naphthoquinones are not as easily removed from the 
cells by washing as cyanide or hydroxylamine.  In addition all naphthoqui- 
nones if used in higher concentrations damage  the  cell  progressively, partic- 
ularly  under  anaerobic conditions.  The cells appear slowly to  be  bleached. 
Whether light has an accelerating effect on this destruction of chlorophyll has 
not been investigated. 
Compensation of Respiration in the Light 
When illuminated, plants convert the carbon dioxide produced in the dark 
by  respiration  quantitatively into  oxygen.  In the absence  of any external 
source of carbon dioxide one would expect the illuminated algae to give off at 
least some carbon dioxide, but usually they produce a little more oxygen in the 
light than they absorb.  This remains true even if the respiration is stimulated 
artificially by poisons or added substrates (Tables II and VII).  The fact that 
no carbon dioxide seems to escape from the cell is puzzling.  Warburg offered 
a plausible explanation, namely that the mechanism of photosynthesis catches 
a precursor of carbon dioxide before the latter is set free in respiration (8).  The 
strange  efficiency of the  compensation reaction  remains,  however,  the  only 
case--if we accept Warburg's hypothesis--pointing to a linkage between photo- 
synthesis and respiration.  Otherwise all measurements of photosynthesis in 
presence of free carbon dioxide give the most consistent results, if the normal 
respiration  is treated as a  completely independent reaction,  influenced only 
indirectly by the supply of finished photosynthetic products.  (Compare the 
discussions in references 6,  9-11.)  Certainly, studying the compensation of 
respiration in absence of carbon dioxide is just as much a method to separate 
oxygen evolution from carbon dioxide absorption as the technique introduced 
lately by Umbreit and  coworkers  (11) who feed benzaldehyde to their cells, 
thereby obtaining an additional amount of oxygen. 
Whatever the nature of the compensation reaction may be, we wish to point 
out here that the influence of phthiocol on it parallels that on photosynthesis. 
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dark  invariably becomes smaller in the presence of phthiocol.  The absolute 
rate  of the  compensation  reaction,  however,  first  rises  with  the  stimulated 
respiration.  The decline of the rate of respiration and compensation produced 
by more phthiocol is much steeper for the latter.  The evolution of oxygen in 
TABLE VII 
Accelera~a  of Respiral~a  and  Inkibition  of Photosyathesis ~  Phtkiocol in 
Scenedesm~ sp. D. 
1~/30 phosphate  buffer pH 6.0.  Temperature  25  °.  Gas phase: air in presence of KOH, 
later air with 4 per cent CO2.  Illumination:  4 000 |ux. 
/  I  I 
Concentration  of phthiocol ..............................  0.0  J 2  X lO"IK I  I  X lO-4v I  0.5  X lO-'It 
Rates of gas exchange, ram./lO rain. 
(a)'Dark.  Respiration  in air  in presence  of 
KOH ................................  --3 
(b)  Compensation.  Effect of light in absence 
of COs.  Corrected for respiration .......  +5.5 
(c)  Photosynthesis  with  added  CO~.  Cor- 
rected for respiration ..................  +37 
-10  --5 
+11.5  -1.0 
+30  +3.0 
--3 
--1.5 
+1.0 
TABLE VIII 
Effects of Phtldocol on Photosyn~hcsls, Adaptation, and Photoreduction 
0.03 cc. of cells of Scenedexmus in 3.5 ec. of ~r/25 phosphate  solution.  Temperature: 25  °. 
Gas phase: air with 4 per cent COt; later Ha with 4 per cent CO2. 
pH  .......................................................  5.0  ]  6.5  ]  7.3 
Rate of pressure changes, mm./min. 
(a)  Photosynthesis  at 3,000 lux ............... 
Same,  5  rain.  after  adding  phthiocol, 
,,/lO,OOO  ........................... 
(b)  Photoreduction after 15 hrs. in Hs 
700 lux  ............................. 
1,300 lux  .............................. 
3,000 lux  ............................. 
(c)  Again photosynthesis 
3,000 lux ............................. 
+O.5 
+0.0 
--0.1 
±0.0 
--0.2 
~0.0 
+0.67 
-0.08 
-0.5 
--1.0 
--2.0 
+0.08 
+1.1" 
4-0.0 
--0.5 
--1.1 
--2.0 
+0.15" 
* The increase in rate of pressure changes with pH is apparent only and due to retention of 
carbon dioxide in the phosphate  buffer. 
the light may have ceased completely when the respiration has come down only 
to its original level (Table VII).  According to the data contained in Table II 
the compensation reaction seems to be more sensitive to phthiocol in presence 
of  glucose.  With 10  -~ M phthiocol  respiration  is  accelerated  480  per  cent. 
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of oxygen developed over that absorbed in the dark.  After adding glucose the 
respiration  in  the  poisoned  algae  rises  another  75  per  cent--but  now  the 
illumination  is unable  to diminish  the uptake  of oxygen.  This observation 
with phthiocol in the presence of glucose deserves further study. 
Adaptation and Photoreduction witk Hydrogen 
We have said  that  the  methyl-naphthoquinones act  upon photosy~hesis 
similarly to hydroxylamine and o-phenanthroline.  This similarity is confirmed 
by the observation that phthiocol, etc., inhibit the adaptation to the hydrogen 
metabolism  in  Scenedesmus  (Table VIII).  Once  the  adaptation  has  taken 
TABLE IX 
Effect of Ptttlffocol upon t~ Oxykydrogon Re,  oxtion 
(a) Sce~de,  smus in phosphate buffer  at pH 6.2.  Temperature 25  °.  Adaptation time: 24 hrs. 
Duration of experiment: 8 hrs. 
Concentration  of phthiocol ...........................  --  __ 
Total amount of gas absorbed after addition  [ 
of 50 c.mm. of O1 .......................  228 
0.8XI0 t~  8.0Xlotx  25X1otx 
202  112  101 
(b)  50 c.mm. of oxygen added to adapted algae in hydrogen with 4  per cent carbon dioxide. 
0.027 cc. of cells in (1) ~x/lO0 and (2) ~s/25 sodium bicarbonate. 
2 
Concentration  of phthiocol ...........................  v/10,000  -1  •/3,000 
Time to completion of reaction, rnin ..........  I  265  ]  215 
Total amount of gas absorbed, c.mm .........  I  148  [  147 
x/t0,000 
350 
130 
K/3,000 
180 
143 
place the same substances may serve to stabilize photoreduction at a  rate of 
one-half of the normal one.  The problem of stabilization is discussed more 
fully in the following paper. 
Coupled Reduction of Carbon Dioxide in the Dark 
Among the complex set of reactions following the absorption of oxygen by 
algae adapted to hydrogen the coupled reduction of carbon dioxide is the first 
to disappear under the influence of the methyl-naphthoquinones (Table IX). 
What is left is either a complete oxyhydrogen reaction or an incomplete one as 
in the cases already described (12).  Under anaerobic conditions phthiocol is re- 
duced by the ceils to a colorless form (hydroquinone).  The latter is reoxidized 
by traces of molecular oxygen.  Hence it can act as a catalyst for the oxidation 
of hydrogen in addition to the natural systems in the algae.  This might be the 
reason why the curves representing the course of the oxyhydrogen reaction in H.  OA,FFRON  267 
the  presence  of  phthiocol  (Fig.  1)  deviate  somewhat  from  those  already 
published. 
,o  f-'--  ..... 
0  •  i  t  I 
60  120  1110  24~1 
T1Mg IN MINUTg$ 
FIo.  1.  Oxyhydrogen reaction  in presence  of  phthiocol. 
q  0 
300  3GO 
50  mm. (Brodie)  O~ 
added to adapted Scenedesmus in hydrogen with 4 per cent carbon dioxide. 
•  -- •  suspended in M/25 bicarbonate with 4  ×  10  -4 ~ phthiocol. 
-b -- +  suspended in M/25 bicarbonate with 1.3  ×  10  -4 M phthiocol. 
O -- O suspended in M/100 bicarbonate with 1.3  X  10  -4 M phthiocol. 
CONCLUSION 
It is remarkable that a substance possessing such powerful catalytic as well 
as anticatalytic properties is found in the very place where the sensitive enzy- 
matic process occurs, namely in the chloroplasts.  Since the vitamin K deriva- 
tives tested have the same effect upon photosynthesis and photoreduction as 
hydroxylamine and o-phenanthroline, we can hardly avoid the conclusion that 
they interact with the photochemical process by forming compounds with one 
or more heavy metal catalysts.  On the other hand, their stimulating influence 
on respiration and their capacity to transfer hydrogen to oxygen differ from 
those of the other substances mentioned.  In the latter cases, the 1,4-naphtho- 
quinones appear to act as oxido-reducfion catalysts.  Hence vitamin K  (and 
other naphthoquinones) may serve in more than one way in the metabolism of 
a plant. 
SUMMARY 
Vitamin K1, 2-methyl-3-phytyl-1,4-naphthoquinone, is a substance found in 
all plant chloroplasts.  It is, therefore, interesting to know whether it has any 
influence upon the metabolism of plants.  Experiments made with the phytol- 
free derivatives like 2-methyl-1,4-naphthoquinone or the corresponding 3-oxy 268  ]~F~ECTS OF VITAMIN K  ON METABOLISM  O~ ALGAE 
compound, phthiocol, gave the following results.  These substances accelerate 
the respiration of Chlorella or Scenedesmus  in a way similar to the action of the 
dinitrophenols.  They inhibit photosynthesis and the compensation of respira- 
tion in the light strongly like hydroxylamine.  In Scenedesmus  they hinder the 
adaptation to the anaerobic utilization of hydrogen.  If given after adaptation 
in amounts sufficient to stop photosynthesis they do not prevent photoreduc- 
tion  but  rather  stabilize  this  reaction  against  reversion.  Their  presence 
destroys the coupling between the reduction of carbon dioxide in the dark and 
the oxyhydrogen reaction in adapted  algae.  One can expect, therefore,  that 
the  natural  vitamin  K  present  in plants  in concentrations  of about  10  -3 x~ 
takes part in  some metabolic reaction  as a  catalyst or regulator. 
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